The formation of the nanocrystalline rocksalt ZnO ͑rs-ZnO͒ has been in situ studied by x-ray diffraction with synchrotron radiation at high pressure and high temperature. A number of rs-ZnO/ MgO nanocomposites with preset grain size were synthesized at 7 GPa and 800 K starting from wurtzite ZnO nanoparticles or nanorods. The use of MgO matrix allowed us to recover metastable rs-ZnO in the nanocrystalline form at ambient pressure. The cathodoluminescence measurements demonstrated the blue shift in the luminescence of rs-ZnO nanocrystals down to 402-408 nm that can be attributed to the enhanced incorporation of point defects with lower activation energy.
I. INTRODUCTION
ZnO is a promising luminescent semiconductor with a wide direct band gap ͑3.37 eV for wurtzite structure͒ and a high exciton binding energy ͑60 meV͒, 1,2 while ZnO-based nanostructured materials are attractive for the fabrication of optoelectronic devices operating in the blue and ultraviolet spectral regions. At ambient conditions, the thermodynamically stable phase of ZnO has a hexagonal wurtzite structure with fourfold tetrahedral coordination ͑w-ZnO phase͒. The high-pressure cubic rocksalt structure with sixfold coordination ͑rs-ZnO phase͒ seems promising for electronic and spintronics applications because of its ability to incorporate much higher amount of doping atoms and native point defects than the wurtzite ZnO.
Similarly to many other II-VI compounds with wurtzite structure, w-ZnO undergoes phase transition under high pressures into the denser rs-ZnO. 3 At room temperature, the phase transition of bulk w-ZnO occurs at about 9 GPa. 4 The transition pressure depends on both temperature 5 and crystal size. 6 Upon decompression, the reverse transition of rs-ZnO into w-ZnO takes place at about 2 GPa at room temperature, that render impossible to recover the pure high-pressure rsZnO at ambient conditions. However, it has been reported that the nanocrystalline rs-ZnO can be quenched from 15 GPa and 550 K down to ambient conditions in a diamond anvil cell. 7 At present time it is not clear whether this stabilization should be attributed to the grain nanosize or to the residual strains in the quenched sample. The existence of rs-ZnO nanocrystals at ambient pressure has been proved by the transmission electron microscopy ͑TEM͒ study of MgO single crystals coimplanted by zinc and oxygen ions. 8 The properties of rs-ZnO are still not studied. Even rs-ZnO band gap, the value of outmost importance for optical and electronic applications, has not been experimentally determined. From theoretical calculations, the rs-ZnO indirect band gap can vary from 2.36 to 4.51 eV. [9] [10] [11] The only high-pressure study of the optical properties of rs-ZnO ͑Ref. 12͒ indicated that this phase is an indirect gap semiconductor with a band gap of 2.45 eV at 13.5 GPa.
Recently it has been shown that stable Mg x Zn 1−x O solid solutions ͑0.32Յ x Յ 0.67͒ with rocksalt structure can be synthesized at pressures above 7 GPa and temperatures above 1600 K. 13 Lattice parameter of the magnesium oxide ͑a MgO = 4.2112 Å, space group Fm3m according to JCPDS No. 45-0946͒ is slightly less than that of the rocksalt zinc oxide, ͑a rs-ZnO = 4.280 Å, space group Fm3m according to Ref. 14͒, so that the MgO can be used as a matrix ͑supporting material͒ for metastable rocksalt ZnO nanoparticle ͑NP͒.
Here we report the first successful high pressure-high temperature synthesis of rs-ZnO nanocrystals with controlled grain size that are stable at ambient conditions in the form of rs-ZnO/MgO nanocomposites.
II. EXPERIMENTAL DETAILS

A. Synthesis of wurtzite ZnO/MgO nanocomposites
The precursors, i.e., w-ZnO/MgO nanocomposites, have been synthesized by several methods in order to prepare nanocrystals of different size and/or with different form factor. The size and morphology of the nanocrystals are given in the Table I .
Sample NP10. Zinc and magnesium acetates ͑1:4 molar ratio͒ were dissolved in methanol and mixed with sodium hydroxide solution in methanol. After centrifuging and washing ͑5 times͒ the obtained precipitate was annealed at 670 K for 3 h. This method allowed to produce the ZnO NP of less than 10 nm in size distributed in magnesium oxide matrix as shown in Fig. 1͑a͒ . It should be noted that MgO is considered as a barrier layer preventing the agglomeration of individual ZnO particles during the thermal processing. As can be seen in Fig. 1͑a͒ ͑inset͒, the selected area electron diffraction pattern shows reflections of both w-ZnO and MgO phases. The size of the zones of coherent scattering according to the Scherrer equation is equal to 10͑2͒ nm that well agrees with the TEM observations. Sample NP50. The ZnO nanopowder with an average particle size of about 50 nm was prepared by the following procedure. Zinc carbonate hydroxide ͑ZCH͒ was obtained by precipitation from an aqueous solution of zinc nitrate by excess of ammonium carbonate. The precipitate was centrifuged, thoroughly washed in distilled water and freeze dried. A mixture of the ZCH with NaCl was milled for 1 h and annealed in a muffle furnace at 970 K. NaCl was washed out with distilled water. The as-prepared ZnO nanopowder was then dispersed in the methanol solution of magnesium acetate in the ZnO/MgO molar ratio1:4 using ultrasonic bath, and mixed with the equivalent amount of sodium hydroxide solution in methanol. After centrifuging and washing ͑5 times͒ the residue was decomposed at 670 K for 6 h in order to obtain 50 nm NP of ZnO in MgO matrix.
Sample NP200. Monodispersed ZnO spherical particles of 170 nm in size ͓Fig. 1͑c͔͒ were prepared by hydrolysis of zinc acetate dihydrate ͑ZnAc 2 2H 2 O͒ by a two-stage process. 15 0.01 mol of ZnAc 2 2H 2 O was dissolved in 100 ml of diethylene glycol. The clear solution was heated up to 430 K, then stirred for one hour and cooled down to room temperature. Resulting precipitate was washed thoroughly with distilled water and dried. The as-prepared powder was dispersed in the methanol solution of magnesium acetate in the ZnO/MgO molar ratio1:4, and then reprecipitated by equivalent amount of sodium hydroxide solution in methanol. The residue was subsequently decomposed as described above.
Sample NR. w-ZnO nanorods ͑NR͒ ͑each nanorod is a single-crystal NP͒ were synthesized by the method described in Ref. 16 . w-ZnO NR-MgO composite was prepared as described above for NP200.
B. High-pressure experiments
In situ experiments up to 5 GPa have been performed using MAX80 multianvil x-ray system at beamline F2.1, DORIS III ͑HASYLAB-DESY͒. The experimental details and high-pressure setup have been described elsewhere. 17 Energy-dispersive x-ray diffraction ͑XRD͒ patterns were collected on a Canberra solid state Ge-detector with fixed Bragg angle 2 = 9.26͑1͒°using a white beam collimated down to 100ϫ 100 m 2 . The sample temperature was measured by a Pt10%Rh-Pt thermocouple without correction for the pressure effect on the thermocouple emf. The samples were compressed to the required pressure at ambient temperature, and then diffraction patterns were collected upon stepwise heating ͑25-or 50-K steps͒. With the storage ring operating at 4.44 GeV and 120Ϯ 30 mA, the time of data collection for each pattern was about 3 min.
Quenching experiments at 7 GPa have been performed using a cubic multianvil press at LPMTM-CNRS. Gold capsules were used to prevent contamination of the samples.
C. XRD study
Quenched samples were studied by the powder XRD using STOE diffractometer, Cu K␣ radiation, PSD-detector, 2⌰Ͻ130°. The FULLPROF SUITE and WINPLOTR software 18, 19 have been used for data processing. Powder diffraction profiles were fitted using the pseudo-Voight ͑p-V͒ profile function in TCH modification. 20 Each reflection profile was characterized by its full width at half maximum ͑FWHM͒ and , a mixing parameter of Gaussian and Lorenzian components of the pV profile function expressed as ͓pV= L+͑1-G͔͒.
The H G and H L values are FWHM of Gaussian and Lorentzian profiles of the Voight function, respectively. The microstructure ͑size and strain͒ within FULLPROF program was treated using instrumental function with H G_inst and H L_inst parameters calculated from the diffraction pattern of LaB 6 standard.
D. Characterization of the recovered samples
The microstructure of the samples was characterized by TEM in the bright-field mode using JEOL ͑JEM-2010͒ transmission electron microscope operating at 200 kV. Powdered samples were dispersed in droplets of ethanol and then loaded on copper grids coated with a carbon film. Cathodoluminescence ͑CL͒ spectra were collected at room tempera- ture using XL 30S FEG high-resolution scanning electron microscope with a mono-CL system in the 300-900 nm wavelength range.
III. RESULTS AND DISCUSSION
The ZnO-MgO system has been in situ studied at pressures about 5 GPa using XRD with synchrotron radiation in order to determine the optimal temperature range for the synthesis of rs-ZnO/MgO nanocomposites without formation of the corresponding solid solutions. 21 The diffraction patterns of the NP10 sample taken at 4.8 GPa in the course of temperature increase are shown in Fig. 2 .
One can see that intensities of 100, 002, and 102 lines of w-ZnO significantly decrease with temperature increase, and 200 and 220 lines of both rs-ZnO and MgO phases shift to higher d-spacings. The position of the most intensive 200 line versus temperature is plotted in inset. Since lattice parameters of rs-ZnO and MgO phases are very close, the lines of these two phases cannot be resolved in energy-dispersive XRD patterns taken in situ at high pressures. However, the singular point on the dependence of 200 line position versus temperature should reflect the structural/compositional alterations in rs-ZnO phase upon heating, while at the same conditions MgO undergoes quasilinear thermal expansion only. The temperature dependence of the 200 line position consists of two parts; exponential and linear ones. An exponential increase in the plotted values of peak position at low temperatures indicates the formation of the rs-ZnO phase ͑in-creasing amount of cubic phase͒. The singular point separating the exponential and linear parts of the curve corresponds to the complete disappearance of w-ZnO at given pressure and may be determined as the completion temperature of the w-ZnO to rs-ZnO phase transition i.e., T c = 800 K. The linear part of the curve at higher temperatures reflects thermal expansion of both MgO and rs-ZnO phases. Figure 3 shows the angle-dispersive diffraction patterns of the samples recovered from 800 K and 7 GPa. The lines of w-ZnO phase disappeared completely and the line positions in the diffraction patterns correspond to rs-ZnO and MgO. Some patterns exhibit additional weak lines with relative intensities less then 2% because of possible surface reaction of MgO with moisture during the sample preparation. The lines of impurities have been indexed in the framework of hexagonal unit cell with lattice parameters a = 3.15 Å and c = 4.69 Å using DICVOL software. 22 These parameters coincided with those of Mg͑OH͒ 2 . No lines of other phases have been detected.
For the structure refinement we have used approach based on the extraction of integrated intensities from diffraction pattern after Rietveld or Le Bail fitting with subsequent The discrepancies between observed and calculated profiles are very small and all residuals indicate that the unit cell parameters are accurately determined ͑Rp for the whole profile is within 3.5%-4.5%͒. refinement of atomic parameters using SHELX97 software. 23 Earlier this approach has been successfully used for refinement of atomic parameter of Zn x Mg 1−x O solid solutions. 24 The unit cell parameters of ZnO/MgO nanocomposites, atom displacements ͑U iso ͒ as well as atom occupancy parameters and final R-factors are given in Table II . The use of the integrated intensities for the refinement of the atom parameters gave much better, self-consistent and reasonable results in comparison with Rietveld method. The values of the cell parameters well agree with those of the pure Zn and Mg oxides except NP10 sample, for which we suggest the formation of cubic Zn x Mg 1−x O solid solution with a very small x value.
According to TEM data, the recovered NP10 samples consist of the individual ZnO and MgO particles ͓Fig. 4͑a͒; ZnO is darker than MgO͔. The particle size varies from 7 to 13 nm for ZnO and from 20 to 40 nm for MgO, thus no change in ZnO grain size was observed in the course of w-ZnO to rs-ZnO phase transformation ͓selected area electron diffraction ͑SAED͒ pattern in Fig. 4͑d͒ shows complete disappearance of w-ZnO reflections in the recovered sample͔. The lattice fringes of the cores are adjusted with those of MgO matrix reflecting the effect of rs-ZnO phase stabilization ͓Fig. 4͑a͔͒. The element distribution maps recorded using the Scanning Transmission Electron Microscopy-Energy-Dispersive Spectrometry ͑STEM-EDS͒ method are shown in Figs. 4͑b͒ and 4͑c͒ indicating the presence of separate ZnO and MgO particles. The SAED pattern of recovered NR sample ͓Fig. 4͑e͔͒ shows the single-crystal nature of quenched rs-ZnO NR contrary to the polycrystalline MgO matrix. Figure 5 shows CL spectra of recovered rs-ZnO-based nanocomposites as well as CL spectra of the precursors. All starting w-ZnO/MgO precursors show blue luminescence in the range of 410-446 nm. The peaks at 446 ͑NP10͒, 410 ͑NP50͒, 420 ͑NP200͒, and 414 nm ͑NR͒ could be attributed to a donor-acceptor pair transitions. 25 The pressure-induced phase transition in w-ZnO/MgO nanocomposites leads to the remarkable changes in the luminescent properties, i.e., all recovered rs-ZnO/MgO samples show the blue shifted luminescence of lower intensity in comparison to the w-ZnO based nanocomposites. The change in luminescence from ZnO/MgO samples is evidently the result of phase transformation leading to enhanced incorporation of impurities or/ and native point defects into the ZnO crystal lattice. The rs-ZnO phase is expected to be more easily affected to impurity incorporation as compared with w-ZnO. The higher density of acceptors/donors and their lower activation energies have been expected for the cubic structure. The observed blue shift in the defect-related peaks in CL spectra of rs-ZnO nanocomposites could indicate the higher incorporation of defects such as V Zn -related complexes in the synthesized cubic nanocrystals and hence a probability of the higher p-type doping. The blue luminescence from ZnO NP has been usually attributed to transitions between Zn interstitial ͑Zn i ͒ and Zn vacancy ͑V Zn ͒ levels. 26 In our case rsZnO/MgO nanocomposites show the blue-shifted luminescence with lower intensity indicating the higher defect incorporation density and the higher concentration of free carriers.
IV. CONCLUSIONS
As a result of the present study, we have shown that rs-ZnO/MgO nanocomposites with different ZnO particle size can be synthesized at high pressures and temperatures and quenched down to ambient conditions. According to the Rietveld analysis of XRD data, the lattice parameters of ZnO and MgO phases in the nanocomposites are in good agreement with corresponding values of the bulk substances. CL spectra of the recovered samples at room temperature show the blue shift in the luminescence peaks due to the formation of rs-ZnO phase with higher incorporation of point defects ͑V Zn -related complexes͒ with lower activation energy compared to w-ZnO which can be used for fabrication of p-type rs-ZnO materials with high hole concentration.
